This paper presents an experimental characterization of the biomechanics of human gait by means of Cassino Tracking System (CaTraSys). CaTraSys is a passive cablebased parallel manipulator that is used to determine pose and exerted force of mechanical systems along large trajectories. It is a low-cost easy-operable system that has been utilized in the present work for a clinical application as an assessing device for diagnosis and rehabilitation procedures. A methodology for experimental tests and data analysis is outlined, which includes mean extrapolation of acquired trajectory data. Basic characteristics of two-dimensional (2D) and three-dimensional (3D) resulting gait patterns are discussed. Using spatiotemporal parameters, different test conditions and anthropometric characteristics are evaluated in order to assess their influence on the human walking from the kinematic point of view.
Introduction
It is known that the methods that are used in gait research frequently include pressure and force plates [1, 2] , video or optoelectronic-based analysis systems [3] , accelerometers, gyroscopes [4] , instrumented shoes [5] and pressure and force sensitive footswitches [6, 7] . These systems are utilized to acquire kinematic and kinetic gait data, such as trajectories or ground reaction forces.
In the Robotics field, cable-based parallel manipulators have been considered to be interesting systems. This type of systems is cable actuated in which cables are connected to the end-effector from a stationary frame. They ensure very good kinematic and dynamic characteristics and are characterized by an easy set-up, transportability and good inertial behavior due to small moving masses consisting of cables and light endeffectors. Another important feature is that the calibration procedure must be performed when any component of the system is changed and periodically. A drawback associated with these robotic manipulators deals with the requirement of operating in a reduced workspace in order to avoid cables interference. The most important characteristics are the low cost and easy operation that can be considered very important for a possible commercial system [8, 9] . All these features are also suitable for clinical applications [10] . Besides allowing to record gait information, these manipulators can be utilized to guide movement of human limbs, which make them attractive even as rehabilitation devices. In addition, cable-based systems can be reconfigured for different therapies. The cables in opposition to the rigid links reduce the constraints [8, 9, 11] .
CaTraSys [12] is a passive cable-based parallel manipulator with possible application in clinical fields as an assessing device. Experimental tests of a patient limb performance could give the clinicians information towards diagnosis and rehabilitation procedures. Iida and Yamamuro [13] studied patients performance before and after joint replacement, and they observed that the 3D displacements curves of the body centre of gravity that were initially distorted, tended to normalize after the clinical procedure. These results can be seen as a proof of the clinical potential of CaTraSys. Thus, the purpose of the present work deals with the experimental characterization of human gait using CaTraSys. In this process, the mean trajectory pattern of the gait tests is evaluated and a kinematic analysis is carried out from experimental acquired data. Four different test settings and anthropometric features are evaluated utilizing spatiotemporal parameters.
CaTraSys for motion tracking
CaTraSys, presented in Fig. 1a , was developed at the Laboratory of Robotics and Mechatronics (LARM), Department of Civil and Mechanical Engineering (DICeM) of the University of Cassino and South Latium, in 1993. Since then it has been continuously evolved in operation and design and it has been successfully utilized in different applications for determination of workspace, kinematic parameters and force exerted by robots and human limbs [12] . CaTraSys is constituted by mechanical and electronic components together with a software package, as it is illustrated in Fig. 1b . The Trilateral Sensing Platform (TSP) is constituted by a metal stationary platform on which are fixed six position sensors ! ( =1…6) (cable extension transducers celesco TM PT101 [14] ) and six force sensors ! ( =1…6) (tension/compression load cells LAUMAS ® SA [15] ). Each cable is attached to a spring of a position sensor, such that it is conducted through the pair of pulleys and finally reaches the end-effector structure (see Fig. 2 ). The moving platform is the end-effector for CaTraSys and allows the system to track the movement. Pose of the end-effector and tension applied to pull it are determined through the position and force sensors, respectively.
The signals from the position and force sensors are conducted to the six amplifiers ! ( =1…6) (analog weight transmitters LAUMAS ® TPS [16] ), which provide signal amplification. Then, a data acquisition (DAQ) board (National Instruments TM USB-6210 [17] ) and the software packages Laboratory Virtual Instrument Engineering Workbench (LabVIEW TM ) and MATrix LABoratory (MATLAB ® ) are utilized for the purpose of data acquisition and data processing. The voltage is provided by a direct current (DC) power supply [18] . The springs and pulleys contribute to maintain the tension of the cables. The tension has a range limit since, on one hand, they need a minimum value to avoid its slackness and, on the other hand, a maximum value to minimize elastic and inelastic effects [8] . The pulleys are considered with the purpose of obtaining a compact system where the cables can move in a relatively large range, without the risk of cable folding, wrapping or damaging [18] .
In the present work, regarding the moving platform, six steel cables are utilized in a 3-3 configuration, as it is illustrated in Fig. 3a . End-effectors are tightly strapped to the legs around two measurement points, namely at the medium line of the knee and close to the ankle. The proper positioning at the location of interest is ensured by Velcro ® custom straps, which are soft, flexible and adaptable. However, the straps can be source of some inaccuracy in the measurements. It is important to note that CaTraSys formulation considers knee and ankle end-effectors as two points moving in the workspace (see points and in Fig. 3a) .
(a) (b) Figure 1 -(a) Photography of the CaTraSys prototype; (b) Schematic representation of CaTraSys components [18] . 
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CaTraSys can be modeled as a six degrees-of-freedom (DOFs) parallel manipulator since cables can be considered as extensible legs connecting the platform and base by means of spherical and universal joints, respectively. CaTraSys is a passive cable system since the input motion is given through the action on the end-effector. The system can be used to identify the six DOFs of a body in space, being capable to give 3D pose (position and orientation) and force information [8] . The main objective of CaTraSys developments is to combine the low-cost, the easyoperability and the mechanical robustness features. It is considered a low-cost system when compared to other available commercial measuring systems, such as video capture systems. This is possible because CaTraSys only uses commercial off-the-shelf mechanical components, which makes it an economical and robust system. The intuitive and fast operation of CaTraSys is due to the simplicity of the trilateration method, which is the base of determining pose of the moving platform, and to the simple calibration. In addition, CaTraSys works in real-time allowing for the immediate evaluation of the test results [12] . CaTraSys is also very adaptable to different robotic schemes. The parallel architecture of CaTraSys moving platform can be utilized in diverse configurations, i.e., different number of end-effectors and cables. Additional relevant features of CaTraSys are the following, the position of the sensors in the stationary platform can be changed, the system can be used along with other measurement instruments, different rigid mechanical systems can be easily attached and movements can be performed in different planes [8] .
The Virtual Instrument (VI) uses the DAQ software to collect, at a sample rate of 40 Hz, and calibrate the length and force data. The formula node does the trilateration and forces computations, of which result the knee and ankle trajectory as well as the force components (total of six positions and six forces). Figure 3b depicts the trilateration scheme corresponding to the CaTraSys walking test of Fig. 3a . Cables one, two and three are attached to the knee point and cables four, five and six are connected to the ankle point . Points ! , ! and ! are the base points of the cables, while ! , ! and ! represent the distance between points and ! , ! and ! . With the purpose of determining the coordinates of a point it is necessary, at least, to know the location of three fixed points together with three distances, which, in this work, are measured by the position sensors. In short, if at a specific instant of time, the coordinates of points ! , ! and ! and the distances ! , ! and ! are defined, it is possible to solve the system of equations of the trilateration technique. The distances ! , ! and ! can be seen as radii of spheres, whose intersection identifies the location of point and whose center points are the known ! , ! and ! . This is the basis of the 3D trilateration.
With regard to Fig. 3b and by using the algebraic manipulation of the trilateration technique for the knee , it is possible to write the following expressions
where = , , and ! = ! , ! , ! , for = 1, 2, 3.
Solving Equations (1) and (2), the coordinates of can be expressed as
where
This approach can be applied to the ankle point . Thus, in a similar way, the shank segment to is tracked while the end-effectors move during the experimental test.
Experimental procedures and data collection
The experimental test rig used in this work was constructed and operated at the LARM, which combines a non-motorized treadmill with an angle of incline of 7.3° and positioned parallel to CaTraSys fixed platform. In total, eight healthy subjects (5 male, 3 female; age 24.8±3.6 years old; height 1.683±0.077 m; weight 62.3±9.6 kg; shoe size 39.6±2.5; mean±standard deviation) from the University community volunteered to perform tests in this research.
The first gait assessment task was recorded with a subject walking at a self-selected velocity, with an average value of 4 km/h, and has been named as reference test. Then, in the loading test, an individual was tested when wearing a 6 kg backpack on his shoulders and centered on the back. In the next condition, a subject stepped out of the treadmill, changed his shoes and performed the footwear test. At last, a participant walked with a higher velocity but without running, being the estimated velocity equal to 6 km/h. This scenario was denominated as fast test.
With the purpose of having a standard dressing protocol, it was established participants to wear shorts and light casual shoes, i.e., not sportive, high heel, or open toes shoes (in-shoe assessment), as it is shown in Fig. 4a . In the footwear test a particular type of shoes was demanded. Men were required to wear sport shoes type (see Fig. 4b ) and women used a specific high heel shoes with 74 cm of heel (see Fig. 4c ). It must be highlighted that each individual performed four gait tests on two different days while supervised by the same operator. Data of the left hand side for 10 consecutive steady strides of forward walking was recorded per test [19] .
It is known that any signal, when sampled at an adequate rate, can be expressed as series of sine and cosine waveforms of variable frequency [20] . Furthermore, Butterworth digital filter produces a smoother signal and is commonly used to process biomechanical data [21] . A low-pass fourth order zero-lag Butterworth filter was considered, with a range of cut-off frequencies between 2 and 4 Hz, which were applied to different tracked points and component directions. Besides, pre-processing of the signals was provided, and in some cases filtering after the data processing was also required. In order to determine the mean trajectory data over multiple gait cycles two assumptions were made, namely, the gait cycles are periodic and the time normalization to 0-100% of gait cycle refers to consecutive ipsilateral heel-strikes.
In order to identify the individual test data and taking into account the intravariability associated with gait, it was first necessary to pre-analyze and select between the two experimental sessions. The fundamental idea was to select the experimental data in which the plot of the ankle sagittal trajectory is less disperse (see Fig. 5 ) so that reproducible mean data could be obtained.
The next step deals with the determination of the mean pattern of knee and ankle plots. In what follows, an explanation on the adopted procedure is presented for the ankle trajectory case. For this purpose, let consider the plot of Fig. 6a relative to the ankle horizontal trajectory. Each peak is labeled with a black circle that identifies the beginning of a gait cycle, corresponding to the heel-strike instant. Thus, the developed algorithm started by detecting these peaks. Even after the pre-filtering, some signals presented very small glitches at the spikes (see Fig. 6b ). It should be noticed that these local maximums were initially tracked by the algorithm, and some difficulties in the location of the global maximums points could be found. Therefore, the strategy adopted here was not to fix the glitches, but instead it skips those, i.e., when a peak close to the previous one was found, it was not initiated a new cycle. In order to define the walking time, the first and last peaks were neglected which is a procedure used in in-shoe systems, as it is illustrated in Fig. 6c [22] . After obtaining information on the correct and acceptable peaks index, the detection of those indexes was possible on the remaining directions of motion. After finding the peaks, the developed algorithm read and treated the data between each pair of peaks, i.e., cycle by cycle. For averaging purposes, the time normalization of each cycle was needed, where each cycle was normalized to 100 points through a spline interpolation. The time variability of the gait cycles involves different amount of data per cycle, and therefore it was necessary to interpolate each cycle in order to allow the averaging across the number of cycles. Figure 6d shows the mean data and original plots obtained with this process. In order to compute the shank angle ! during a gait cycle, the position data of knee and ankle was considered. From the Cartesian coordinates of the knee and ankle, it is possible to rewrite the following equation
In turn, the velocity and acceleration were determined by using the finite-difference technique, yielding
where ∆t defines the time step [21] . Gait parameters can be used to characterize the individual (or robotic) gait, to evaluate pathological gaits for example [23, 24] , and also to reproduce human gait by applying these parameters with adequate software (Working Model, for example) or in humanoid robotics [23] . In the present work, an objective analysis to the intervariability of the gait population was run. Each test result was quantified through spatiotemporal parameters, obtained using the complete and mean signal of the ankle trajectory (see Table 1 ). 
Results for a numerical characterization
Figures 7 and 8 show the mean trajectory of knee and ankle points, respectively. The oval and figure-of-eight shapes were generally found for all the subjects and types of gait tests. The arrows show the motion direction. The orange and purple ones depict the beginning of stance and swing phases, respectively. The first correspond to the time the foot is on the treadmill and the second to the time the foot is in the air. The presented 3D plots can be named as trajectory cyclogram and they provide spatial but not temporal information [26] . A detailed analysis is reported for the ankle trajectory in Fig. 8 . Observing simultaneously Figs. 8b and 8c it can be pointed out that at the beginning of the gait cycle, a foot touches the ground (heel-strike) and X and Y coordinates decrease till the end of stance phase. This corresponds to a backward and downward movement of the ankle. The slope in the sagittal plane is due to the 7.3° of incline of the treadmill floor. Then, the heel lifts from the treadmill and swing phase begins (toe-off). The Y coordinate increases till maximum ankle position during initial swing. At the same time, firstly X coordinate continues to decrease and then the ankle starts to move forward till the end of swing phase. After maximum Y coordinate, knee extends and so Y coordinate decreases till the heel-strike moment. Figure 8d represents the Z versus X trajectory. In the Z coordinate case, the stance phase only includes lateral movement. On the swing phase, both lateral and medial movements occur, corresponding to increase and decrease of Z coordinate, respectively. It is important to note swing phase included a larger range of Z coordinate since during stance phase the foot is on the treadmill and so in a more stable position. The lateral movement results from the individual adjusting his centre of gravity in order to keep balance while walking and it is consistent with the optimization strategy of gait [18] . Observing Fig. 8b and comparing the three trajectories, it is confirmed the lateral displacement is of minor value. Figure 9a shows the knee and ankle points of 3D trajectory. Observing the planar trajectory of Fig. 9b , it can be concluded the amplitude of the horizontal movement in the ankle is much higher than the corresponding one of the knee. The amplitude of the vertical movement is also larger in the ankle, although not so different from the one of the knee. As for the lateral motion amplitude represented in Fig. 9c , it is much higher in the knee than in the ankle. As previously discussed, the minor displacement occurs for the lateral trajectory. should be constant, which is not verified in the present study due to the errors associated with data acquisition and the slippage of the straps.
A double pendulum model for swing and an inverse double pendulum model for stance were assumed [27] . Fig. 11 represent the ! in stance phase. It is clear that ! decrease from initial contact to the preswing, reaching 90° in maximum knee extension, i.e., in midstance. Moreover, ! is higher or lower than 90° if the ankle point is anterior or posterior to the knee point, respectively [21] . In Fig. 12a , heel-strike is represented by a maximum angle value (97°) and toe-off by a minimum angle value (48°).
Shank velocity is presented in Fig. 12b . It begins with a negative peak value related with heel-strike and during stance phase only negative values are observed. In the swing phase, a maximum angular velocity peak is obtained, corresponding to the midswing phase where maximum knee flexion occurs. Heel-strike and toe-off are represented by negative peaks. Periodic feature was found for the both results. Figure 13 shows the velocity and acceleration experienced during a gait cycle by the knee and ankle, respectively. Knee and ankle speed and acceleration result from the vector module of the three respective directional components.
Ankle speed (0.69 m/s) is higher than the knee one (0.38 m/s). The amplitude of the velocity components decreases in the same way for both. Horizontal velocity amplitude is the highest, followed by the vertical and at last the lateral one, which is found logical for the human walking velocity. Regarding the acceleration, mean values of 1.7 m/s 2 and 2.8 m/s 2 were found for the knee and ankle, respectively. The mean acceleration amplitude is again higher in the ankle and the directional acceleration amplitude behaves in the same way as for the ankle. Periodic pattern was found in the velocity and acceleration results of the ankle and knee gait tests. The matching of the physical events in the velocity and acceleration plot is not ideal due to the use of the filtering and finite-difference techniques. Nevertheless, in Fig. 13a , it is very clear a zero-crossing moment in which velocity is 0 m/s, the heel-strike moment. It corresponds to a peak acceleration of 4.7m/s 2 , as shown in Fig. 13c . The same kind of event occurs in the ankle, but the corresponding values are not so high. Table 2 shows the parameters results of a single reference test. Figure 14 represents some of these parameters. In Fig. 14a , observing the trajectory of the highest stance phase curve, it is possible to confirm the high trajectory interval between the beginning of the stance phase and the minimum vertical position, corresponding to the end of the phase. This test has the highest stance phase of the experiment, 50% of stance phase and 50% of swing phase. As for the curve with the highest swing phase, it is characterized by 63% of swing phase against 37%. In fact, in this curve the vertical minimum position is reached very early.
To demonstrate the range of the cycle length and height obtained with CaTraSys experimental tests, it is assembled in Fig. 14b the curves corresponding to the highest and lowest range of these features. Observing the black curve, it is clear a high range of 
Influence of the test conditions and anthropometric factors
Investigations had concluded human gait is highly adaptable to modifications in the mechanical demands of the current task (e.g.: different speeds or types of surfaces) [28] . One of the goals of the present work was to monitor the human gait taking into account different factors that could influence it. To this purpose four trial conditions were used: reference test, loaded test, footwear test and fast test. In order to run the comparative analysis spatiotemporal parameters were determined for all the CaTraSys tests results.
In order to compare the diverse test conditions by an inter-evaluation, the three special test conditions, loaded test, footwear test and fast test, were studied against the corresponding reference test. Therefore, for each subject and parameter, the difference between the parameter value of the reference test and the special test condition was calculated. Important conclusions can be taken from Table 3 . The behavior (signal) of the parameters was studied. A positive value means an increase of the parameter (á), a negative one means a decrease (â) and a zero one means the parameter was equal for the both test conditions. The cases (50) correspond to 50/50 of increment/decrement. The cases (50)á (or (50)â) are the ones in which the number of cases of increment (or decrement) were superior to the zero and the decrement (or increment) cases. As for the case (40), it refers to a case in which occurred 40% of increment, 40% of decrement and 20% of non-alteration of the parameters values. In order to run an accurate analysis, it was only considered a pattern, i.e., only constituted a conclusion to the present work, if the percentage of cases was higher than 50%. In the present work, for the loading condition (see Table 3 and Fig. 15a ), the cycle cadence was reduced in the majority of the cases, while stance phase, cycle height and length were increased. These values indicate that for the subject carrying load on the shoulders while walking, a slower cycle frequency occurred, the time the foot spent in the air was reduced and the amplitude of the vertical and horizontal movement was also lower.
Regarding the footwear test (see Table 3 and Fig. 15b ), different conclusions were taken for men and women. From the present results, it can be concluded wearing sportive shoes increases cycle cadence, cycle height, length and medio-lateral movement. These conclusions are not very accurate since the differences between the type of foot from the reference test (casual shoes) and the sportive shoes are probably not enough to allow its recognition from CaTraSys results.
As for the heel shoes tests results, it was adopted a quicker cadence and an increase in the stance phase. On the other hand, cycle height and length experienced a decrease and the medio-lateral movement an increment. It can be thought decreasing the cycle height and length is a defense strategy of the subject in order to maintain the stability. Wearing high heel shoes resulted in a 100% of increment in the medio-lateral motion, which is clearly justified by the instability caused by this type of shoes. Observing Fig.  16b , and comparing the curves from the reference and corresponding footwear test, it is evident an increment in all the vertical positions of the footwear curve. The modification is consequence of being a heel shoes trial.
In what refers to the fast test condition, it was observed a clear increase in the cycle cadence and stance phase as well as in the cycle height and length, as can be confirmed by Table 3 and Fig. 15c . The results are in accordance with literature. In fact, the adaptation to an increase of the walking speed is obtained with reduced cycle duration and higher cycle length, generally simultaneously [28] . The medio-lateral amplitude of movement for the fast test was 50/50 of increase/decrease relative to the reference test. Despite the present results, it was expected a major percentage of decrement. Tesio et al [26] observed a decrease in the medio-lateral movement of the body centre of mass with increasing speed, which is also coherent with Smeesters et al. [29] , who concluded sideway falls are more frequent at low speeds. Although displacement of body centre of mass and medio-lateral movement are distinct concepts, it would be consistent to obtain a higher percentage of decrement in the CaTraSys results. As they do not overcome the 50%, no conclusions are inferred.
In order to give a general idea of the experimental results for different anthropometric conditions, Fig. 16 presents the sagittal trajectory of subjects with opposite values (maximum/minimum) of gender, age, height and weight, for the reference test condition. 
Conclusions
In the present work, the use of CaTraSys is proposed for human walking characterization. A methodology for experimental tests and data acquisition is devised. A data analysis procedure is elaborated, i.e., a novel formulation is deduced for determining kinematics of CaTraSys gait tests. Particularly, mean trajectory data of the gait assessments is determined.
Visual representation of CaTraSys results is provided through representative profiles (2D and 3D). Using the mean trajectory data, spatiotemporal parameters are computed allowing to run a quantitative analysis. Some behavior patterns for different walking conditions are found. The influence of anthropometric characteristics on the gait of the population is also studied.
The presented methods and results prove CaTraSys significance in the experimental characterization of the biomechanics of human walking, always respecting the principles of low-cost and easy operation of the proposed system.
